The existence of an energy gap of graphene is vital as far as nano-electronic applications such as nano-transistors are concerned. In this paper, we present a method for introducing arbitrary energy gaps through breaking the symmetry point group of graphene. We investigate the tight-binding approximation for the dispersion of π and π * electronic bands in patterned graphene including up to five nearest neighbors. As we show by applying special defects in graphene structure, an energy gap appears at Dirac points and the effective mass of fermions also becomes a function of the number of defects per unit cell.
Introduction
Graphene as one of the important crystalline forms of carbon has attracted much interest over the recent years. This is mainly because of its unique transport properties, as well as relative ease of fabrication, which makes graphene an ideal medium for many applications ranging from nano-electronics, opto-electronics, superconductivity, Josephson junctions, and even study of ballistic transport and modeling massless Dirac fermions [1] .
In 2004, a team led by de Heer [2, 3] did a breakthrough research on the fabrication of extremely high-quality ultrathin graphene layers, and successfully demonstrated the possibility of patterning graphene sheets using conventional lithographic techniques. They suggested possible application of patterned graphene in a new class of high-mobility graphene-based nano-electronic devices. Later on, the same team reported a coherence length of beyond 1 µm at 4 K in patterned graphene structures grown on SiC substrates using the vacuum graphitization technique [4] .
Son et al [5] calculated the energy band structure of graphene nano-ribbons and made estimations for the corresponding energy gap as a function of the width of nano-ribbons.
They showed that the non-ribbons with both zig-zag and arm-chair boundaries would exhibit energy gap.
Ostrovsky et al [6] considered the transport of electrons in disordered graphene layers and observed that the characteristics of the transport would strongly depend on the nature of disorders. Also, Khveshchenko [7] reported the Coulomb interaction of Dirac fermions in disordered graphene mono-layers. Confinement of Dirac fermions in graphene has been addressed by Peres et al [8] .
Optical transitions in graphene in the infrared spectrum have been studied by Sadowski et al [9] , and it has been noted that a single-particle model could correctly describe the transition rates, in remarkable agreement with experiments. Recently, Gunlycke et al [10] have showed possible ballistic transport of electrons in nano-ribbons of graphene having a width of the order of 10 nm with zig-zag edges. Their calculations reveal that electron-phonon interactions are significantly suppressed due to the boundary conditions at the edges of ribbons, and the expected mean free path for electrons can be as large as 70 µm at the room temperature. Using a tight-binding calculation, Yao et al [11] have theoretically shown that the spin-orbit coupling of electrons in graphene leads to the removal of degeneracy at Dirac points, where a very small energy gap of the order of 1 µeV is expected.
Ohta et al [12] have conducted a significant experimental study on the electronic band structure of a bi-layer graphene and observed that an electronic band gap at the Dirac point can be induced and controlled using an externally applied Coulomb potential. Pisani et al [13] in a recent paper discuss the strong dependence of electronic structure of nano-ribbons on a magnetic field, and conclude the possible application of nano-ribbons of graphene in the controlled transport of spin and spintronics. Similarly, Silvestrov and Efetov [14] have discussed the quantum confinement and the existence of bound states of quasi-particles in graphene by the application of externally applied voltage to a localized region of nanoribons. Finally, in the breakthrough research by Bunch et al [15] , the application of suspended monolayer graphene ribbons as tunable nano-electromechanical resonators is reported. The authors have measured charge sensitivities in excess of 1.2 × 10 −22 C Hz −1/2 . Furthermore, Bostwick et al [16] have recently made an extensive series of experiments on graphene using angle-resolved photoelectron spectroscopy and verified the accuracy of quasi-particle picture and Dirac points in the electronic band structure.
Despite its excellent transport properties, unfortunately, graphene finds limited use as a basis for electronic devices mainly due to lack of an energy gap [17] . This prohibits the use of graphene in transistors and other planar electronic devices. A very recent paper by Zhou et al [18] discusses a novel method for introducing an energy gap to graphene through substrateinduced strain when epitaxially grown on SiC substrates. It has been experimentally shown that an energy gap as large as 0.26 eV can be expected from strained mono-layer graphene lattices. However, the gap totally disappears when the number of layers increases only to four.
In this paper, we report the results of computation of electronic band structure in an orderly patterned graphene mono-layer, in the absence of external electric and magnetic fields. We suppose that the graphene layer is patterned in such a way that carbon atoms are periodically set out of the lattice and replaced by vacancies, while leaving the symmetry point group of the two-dimensional honeycomb structure either unchanged as C 6v , or reduced to the sub-group C 3v . When the symmetry group is reduced, one normally expects the removal of degeneracies according to Tinkham [19] . Calculations are done using the standard tight-binding method [20] , neglecting the spin-orbit interactions. We also show opening of an energy gap and the removal of degeneracy at Dirac points, and a dependence of Fermion effective mass as well as energy gap to the distance between vacancies. The dependence of effective mass on other parameters including energy gap compares to two earlier reports by Pennington and Goldsman [21] , where a similar effect in single-walled carbon nanotubes has been discussed.
As will be discussed, an energy gap is predicted to open due to the removal of degeneracy and the reduction of the 
Calculations
Upon opening a gap in graphene as illustrated in figure 1 , the expression for the anisotropic two-dimensional effective mass can be written as m * c,vx,y
where E is the energy of electron, c and v represent the conduction (π * ) and valence (π) bands and κ is the absolute value of Bloch wavevector measured from the nearest Dirac point along the prescribed directions. Also, the second derivative may be evaluated at the same Dirac point in the reciprocal lattice where κ = 0. Although the band structure of graphene is not isotropic, however, the effects of anisotropy may be disregarded based on the C 6 v symmetry point group of the two-dimensional crystal (2D); however, when discussing the patterned structure, the band structure can become well anisotropic. Within a parabolic approximation to the band 
respectively, for conduction and valence bands. Here, E c,v corresponds to the shifts in the peaks of conduction and valence bands due to patterning. Hence, the energy gap E g will be simply given by
Please note the difference of (2a), (2b) to the band structure of unpatterned graphene where the energy dispersion around the Dirac points is given by the linear expression E(κ) = ±hV |κ − K|, with V being the 2D Fermi velocity [22] .
The energy band structure (2a), (2b) of graphene would eventually determine not only the effective mass of electrons and holes, but also the effective velocity of Fermionic Dirac particles which normally propagate in unpatterned graphene at a speed of c/300, with c being the velocity of light in vacuum [1] . Also, as we later observe, there will be a noticeable anisotropy in the effective mass in the patterned graphene.
In the tight-binding model applied here, it is assumed that the full Hamiltonian of the system may be approximated by the Hamiltonian of an isolated atom centered at each lattice point, and only the effects of the first-nearest neighbors are involved. Hence, the atomic orbitals n (r), which are eigenfunctions of the single-atom Hamiltonian H at are assumed to be very small at distances exceeding the lattice constant. This is what is normally meant by the tight-binding method. We further assume that any corrections to the atomic potential U (r), which are required to obtain the full Hamiltonian H of the system, are appreciable only when the atomic orbitals are small. The solution to the time-independent single-electron Schrödinger equation φ(r) is then assumed to be a linear combination of atomic orbitals
This leads to a matrix equation for the coefficients b m and Bloch energies ε(κ) of the form
Here, E m is the energy of the mth atomic level, and
are the corresponding transfer and overlap integrals. Before including the vacancy defects in graphene structure, we first calculate the band structure of graphene up to five nearest neighbors using the described tight-binding approach. Then we omit the terms related to the absent atoms from the summation of atomic potential terms in the Hamiltonian. Here, as is normally done in the standard tightbinding approximation, α m and β m are neglected in (5), and just have applied the effect of the last overlap integral. Also, we note that in graphene, each of the two nearest atoms have atomic orbital n (r) with opposite signs for the overall atomic orbitals as ±p z . The overlapping orbital obtained by the interference of p z orbitals corresponds to the energy band structure ε(κ), and in particular π and π * electronic bands as shown in figure 1 .
In figure 2 , the arrangement of carbon atoms in graphene sheet is illustrated together its unit basis vectors, and the three nearest neighbors surrounding a central atom. As can be seen here, there are three nearest, six second-nearest, three thirdnearest neighbors, etc. In figure 3 Dirac point is clearly seen (marked by the black circle) in the side view from the band structure of graphene. The calculations are done here by taking only the first-nearest neighbors. As is evident from this figure, π and π * electronic bands are almost completely conical across the Dirac point. We also have calculated the band structure of graphene again this time with taking five nearest neighbors into account. Since the computational cell size is artificially increased, the band structure squeezes in the reciprocal space. Nevertheless, the symmetry and degeneracy at Dirac points are still preserved.
In figure 4 the band structure of a patterned graphene is shown, with some atoms periodically taken out of the lattice. As can be easily seen, there is no further degeneracy at the previously Dirac points remains. In other words, an energy gap is opened in justification of the diagram in figure 1 . As the number of defects in a cell is increased, by taking the next set of nearest neighbors, the corresponding energy gap varies significantly as in table 1. Here, the energy gap reaches a maximum, when two of the second-nearest neighbors are deleted. For instance, for the structure illustrated in figure 5 , the symmetry point group is reduced from the original C 6 v point group to its C 3 v sub-group. The new super cell is marked with the dashed hexagon, which now includes 1 + 3 × 1 + 6 × 1 2 + 6 × 1 3 = 9 atoms in each cell. In contrast, Zhou et al [18] have recently obtained an energy gap of 0.26 eV, a value close to that of our structure, by removing the translational symmetry. They have achieved this symmetry breaking through lattice-mismatched expitaxial growth of graphene on SiC, which results in a strained graphene lattice. Finally, the dependence of the Fermion effective mass on the number of defects is also tabulated in table 1 along the principal orthogonal directions. There is a remarkable anisotropy in the effective mass, mainly because of the newly reduced point group of the structure.
Conclusions
We have presented the electronic band structure of an orderly patterned graphene mono-layer, in the absence of external electric and magnetic fields, under the constraint that the graphene layer is patterned in such a way that carbon atoms are periodically replaced by vacancies. This has been shown to either leave the symmetry point group of the two-dimensional honeycomb structure either unchanged or reduced to the one of its sub-groups. We have demonstrated an adjustable energy gap due to the removal of degeneracy at Dirac points, and a dependence of Fermion effective mass as well as energy gap to the distance between vacancies.
